Introduction {#Sec1}
============

The increasing incidence in breast cancer after implementation of population-based mammographic screening programs has been suggested to be partly due to the detection of slow-growing tumors that would never have caused symptoms or death, i.e. breast cancer overdiagnosis \[[@CR1]\]. This lead time bias is related to the phenomenon of length time bias, as slow-growing tumors have a longer window of opportunity to be detected in screening and therefore they are overrepresented in screen-detected cancers \[[@CR1]\]. Whether this actually results in an increase in the detection of low-risk tumors or even clinically indolent disease is still being investigated \[[@CR2], [@CR3]\]. The concept of overdiagnosis due to screening was first reported in 1982 by Lundgren and Helleberg \[[@CR4]\]. Estimates of the proportion of overdiagnosis were made by different study groups and are reported between 1 and 54 %, depending on the denominators that are used \[[@CR5], [@CR6]\]. In The Netherlands, there is an estimated 2.8 % overdiagnosis \[[@CR6]\].

Previous analyses, including our own, reported that screen-detection is associated with a better prognosis for overall and breast-cancer-specific survival, independent of other favorable prognostic clinico-pathological factors \[[@CR7]\]. Screen-detected cancers are more often tumors of smaller size, lymph node-negative, low grade, and estrogen-receptor-positive than interval cancers \[[@CR7]\]. Identification of the patients with screen-detected cancers that are likely to be overdiagnosed based on clinico-pathological factors remains difficult. Therefore, the hypothesis was generated that knowledge of the biological background of the tumor may be helpful in the identification of patients with screen-detected tumors at such a low risk of recurrence that they are likely to be overdiagnosed. Nowadays, gene-expression classifiers are used in addition to clinico-pathological factors to identify patients with a favorable prognosis based on the biology of their tumor \[[@CR8]\]. One of these gene-expression classifiers is the 70-gene signature (MammaPrint™), developed to improve the selection of those patients who may benefit from adjuvant systemic treatment \[[@CR9]\]. The prognostic value of the 70-gene signature has been validated in several studies, both retrospectively and prospectively \[[@CR10]--[@CR13]\]. We previously reported on the tumor biology of screen-detected cancers and suggested that screen-detection might also be associated with a higher likelihood of a biologically low-risk or even ultralow-risk tumor assessed by the 70-gene signature \[[@CR2]\].

Over the past decade, a transition in diagnostic imaging has occurred. Most screening facilities switched from film-screen mammography (FSM) to full-field digital mammography (FFDM). In the Netherlands, this transition started in 2008 and as of 2010, 94 % of the women participating in the Dutch screening program have been screened using FFDM \[[@CR14]\]. Several studies have evaluated the performance of FFDM compared to FSM and showed comparable or even better results for FFDM in the detection of clinically relevant tumors \[[@CR15], [@CR16]\]. FFDM showed a higher sensitivity compared to FSM and detects more ductal carcinoma in situ (DCIS) and invasive cancers \[[@CR17]\], especially in women under the age of 50 years and in pre- or peri-menopausal women with radiographically dense breasts \[[@CR16], [@CR17]\]. Recent studies indicate that FFDM-detected cancers are more often estrogen-receptor-negative tumors \[[@CR17], [@CR18]\]. A more sensitive screening-modality such as FFDM may also lead to an increase in the detection of biologically high-risk tumors as assessed by the 70-gene signature. No differences in other clinico-pathological factors, such as tumor size or grade, are described in the literature \[[@CR15], [@CR16]\].

The aim of this study is to determine the proportion of biologically high-, low-, and among those ultralow-risk tumors among the screen-detected and interval tumors and to evaluate the impact of the transition from FSM to the more sensitive FFDM on the biology of the tumors detected by each screening-modality.

Patients and methods {#Sec2}
====================

Patients and Clinico-pathological characteristics {#Sec3}
-------------------------------------------------

All Dutch breast cancer patients enrolled in the MINDACT trial (EORTC-10041) \[[@CR19], [@CR20]\], who were invited for the Dutch screening program, were included in this study.

The MINDACT trial enrolled women aged 18--70 years with histologically proven operable invasive breast cancer, no distant metastases, and for whom a frozen tumor sample was available between 2007 and 2011 \[[@CR19], [@CR20]\]. Eligibility criteria included tumor stage T1, T2, or operable T3, and unilateral; DCIS or lobular carcinoma in situ (LCIS) provided invasive cancer is present; surgery options included breast-conserving surgery or mastectomy combined with either a sentinel node procedure or full axillary clearance; WHO performance status of 0 or 1 and adequate bone marrow, liver, and renal functions. Main exclusion criteria were: previous or concurrent cancer, previous chemotherapy, anticancer endocrine therapy or radiotherapy, and clinically significant impaired cardiac function. The protocol was amended in April 2008 to allow inclusion of 1--3 lymph node positive (N1) disease and genomic test in samples containing \>30 % of tumor cells \[[@CR19], [@CR20]\]. Clinico-pathological characteristics were obtained from the EORTC-10041 trial database. In case of discordance between a patients' clinical risk estimation (based on Adjuvant! Online) and 70-gene signature result, the patient was randomized between treatment according to their clinical risk estimation or according to the 70-gene signature result.

Screening program {#Sec4}
-----------------

The Dutch Screening Program started on April 1, 1990. First, women aged 50--69 years old and from 1998 women up to 75 years old were invited to participate in the screening program based on area code regions. Full coverage for woman aged 50--69 was achieved in 1997 \[[@CR7], [@CR21]\]. Women were invited for biennial mammography. Screening mammograms were performed in independent and (mostly) mobile screening units (3--8 units per region). The images are read double-blind by trained radiologists. The current attendance rate is around 80 % \[[@CR7], [@CR14]\]. FFDM was rolled out as from 2007 and fully implemented in 2011. From each patient in this study, data were collected on whether the most recent screening was by FSM or FFDM.

Method of detection {#Sec5}
-------------------

Data on the method of detection were retrieved from the database of the Dutch screening organization. Data of all five regions are centrally collected in the iBob database \[[@CR14]\]. The screening data for the eligible Dutch MINDACT patients were derived from the iBob database based on demographic information. Patients were eligible if they were 49 years or older at the time of diagnoses and were invited to participate in the Dutch screening program (*n* = 1,475). One hospital excluded their patients (*n* = 4) from the linkage protocol and 62 patients could not be matched to the iBob database, due to incomplete demographic information. Of the 1,409 patients that were matched to the iBob database, 1,165 were identified as participants of the screening program.

Two types of breast cancer were identified based on the method of detection. First, the screen-detected cancers, defined as breast cancers that were mammographically detected in the first (prevalent cancers, *n* = 115) or a subsequent screening round (incident cancers, *n* = 660) (total *n* = 775). Second, the interval cancers, defined as symptomatic cancers that were diagnosed within 30 months of a negative screening (*n* = 390). Screening is biennial, giving a window of 24 months for an interval cancer to become symptomatic after a negative screening mammography. When a woman moves to another area code, her next screening could be delayed up to 6 months. Therefore, the interval of 30 months was chosen.

70-Gene signature {#Sec6}
-----------------

In this study, we used the 70-gene signature to evaluate tumor biology. For all patients included in the MINDACT trial, a 70-gene signature result was available. The 70-gene signature, MammaPrint^®^ (Agendia Inc, Amsterdam, The Netherlands), is a gene-expression classifier, used to estimate the risk of developing distant metastasis. The result of the 70-gene signature is presented as a binary result (good or poor prognosis), which is derived from an index-score (−1 to 1) \[[@CR9], [@CR10]\]. An index-score greater than 0.4 is classified as good prognosis (low risk) and an index-score less than 0.4 is classified as poor prognosis (high risk). For this study, we also applied the previously set threshold to identify patients with an ultralow risk of distant recurrence (index-score \>0.6) \[[@CR2]\]. Within the low-risk group of the original 78 patients used to develop this classifier, no distant metastases were observed at 5 years in patients who had an index-score greater than 0.6 \[[@CR2], [@CR9]\].

Statistical analysis {#Sec7}
--------------------

Baseline characteristics for screen-detected and interval cancers were compared and the proportions of 70-gene signature high-, low-, and among the latter the ultralow risk were calculated. We performed separate analyses for FSM and FFDM. Prognostic factors, such as age, tumor size, histological type, estrogen receptor (ER), progesterone receptor (PR), and HER2/neu-oncoprotein (ERBB2), were evaluated in a logistic regression model. Hereafter, tumor biology-related factors are referred to as "prognostic factors." Only factors that resulted in \<10 % change in the coefficient of association of the 70-gene signature with the method of detection were included in the multivariate analyses. Calculations were done using SPSS (version 19.0). A two-sided *p* value of less than 0.05 was considered statistically significant.

Results {#Sec8}
=======

Patient characteristics {#Sec9}
-----------------------

The clinico-pathological characteristics of the 1,165 included patients are described in Table [1](#Tab1){ref-type="table"}, stratified by method of detection, and in supplementary Table 1 also stratified by 70-gene signature result. Screen-detected cancers were more often of smaller size (\<2 cm), ER and PR positive, HER2 negative, grade I, without nodal involvement compared to interval cancers. Table 1Breast cancer patients eligible to participate in the Dutch screening programScreen-detected cancers (SD)Interval cancers (IC)*p* value^a^ SD vs. IC*n* = 775*n* = 39070-Gene signature High risk244 (32 %)185 (47 %)\<0.0001 Low risk242 (31 %)111 (29 %) Ultralow risk289 (37 %)94 (24 %)Age (years) 49--54208 (27 %)103 (26 %)0.896 55--59193 (25 %)104 (27 %) 60--64200 (26 %)94 (24 %) 65--69170 (22 %)88 (23 %)Size T1 (\<20 mm)613 (79 %)247 (63 %)\<0.0001 T2 (20--50 mm)160 (21 %)139 (36 %) T3 (\>50 mm)2 (0.3 %)4 (1 %)Lymph node status Negative680 (88 %)315 (81 %)0.001 1--3 positive nodes95 (12 %)75 (19 %)Histological type Ductal643 (83 %)316 (81 %)0.390 Lobular76 (10 %)49 (13 %) Mixed28 (4 %)9 (2 %) Other28 (4 %)16 (4 %)Grade Grade I244 (32 %)59 (15 %)\<0.0001 Grade II356 (46 %)170 (44 %) Grade III174 (23 %)160 (41 %) Undefined11ER status Negative77 (10 %)80 (21 %)\<0.0001 Positive698 (90 %)310 (80 %)PR status Negative188 (24 %)138 (35 %)\<0.0001 Positive573 (74 %)242 (62 %) Unknown1410HER2 status Negative680 (88 %)325 (83 %)0.043 Positive94 (12 %)64 (16 %) Unknown11Patient and tumor characteristics stratified by method of detection*ER* estrogen receptor, *PR* progesterone receptor, *HER2* human epidermal growth factor receptor 2^a^Chi square test

70-Gene signature for screen-detected and interval cancers {#Sec10}
----------------------------------------------------------

Among the screen-detected cancers, 32 % had a 70-gene signature high-risk and 68 % a low-risk tumor, of which 54 % had a ultralow-risk tumor (37 % of total) (Fig. [1](#Tab1){ref-type="table"}a; Table [1](#Tab1){ref-type="table"}). Among the interval cancers, 47 % had a high-risk and 53 % a low-risk tumor, of which 46 % could be defined as ultralow-risk tumor (24 % of total). A significant difference was seen between screen-detected and interval cancers (*pX*^2^ test = 0.001) in 70-gene signature high-, low-, and ultralow-risk groups.

Of the prevalent tumors, detected in the first screening round, 19 % had a 70-gene signature high-risk and 81 % a low-risk tumor. Among the low-risk prevalent tumors about 63 % even had an ultralow-risk tumor (51 % of total) (Fig. [1](#Fig1){ref-type="fig"}b). Of the incident tumors, detected in subsequent screening rounds, 34 % had a 70-gene signature high-risk and 66 % a low-risk tumor. Among the low-risk incident tumors, 52 % could be defined as ultralow-risk (35 % of total) (*pX*^2^ test prevalent vs. incident \<0.0001) (Fig. [1](#Fig1){ref-type="fig"}b). When excluding the prevalent cancers from these analyses, the significant difference between screen-detected and interval cancers remained (Supplementary Table 2). Fig. 1**a** Proportions of 70-gene signature result among screen-detected and interval cancers. **b** Screen-detected cancers detected in first versus subsequent screening rounds

In a univariate analyses, patients with screen-detected cancers were two-times more likely to have an ultralow-risk tumor compared to patients with an interval cancer (OR high vs. ultralow: 2.33 (95 %CI 1.73--3.15; *p* \< 0.0001) (Table [2](#Tab2){ref-type="table"}). When adjusting for intermediate factors such as ER status and tumor size, this significant association remained (Table [2](#Tab2){ref-type="table"}). However, when adjusting for grade the 70-gene signature was no longer a significant factor; likely due to a substantial correlation between the 70-gene signature and grade (*ρ* = 0.393). The analyses mentioned above lead to similar conclusions in ER positive patients only (data not shown). Table 2Unadjusted and adjusted Odd's ratios of the tumor biology among screen-detected versus interval cancersUnadj. OR (95 % CI)*p* value^a^Adj. OR^b^ (95 % CI)*p* value^a^70-Gene signature Ultralow vs. low1.41 (1.02--1.95)0.0371.18 (0.84--1.65)0.339 Ultralow vs. high2.33 (1.73--3.15)\<0.00011.26 (0.86--1.84)0.23070-Gene signature + ER status 70-Gene signature ultralow vs. low1.40 (1.01--1.93)0.044 70-Gene signature ultralow vs. high1.95 (1.40--2.71)\<0.0001 ER status positive vs. negative1.68 (1.14--2.47)0.00870-Gene signature + grade 70-Gene signature ultralow vs. low1.19 (0.86--1.67)0.299 70-Gene signature ultralow vs. high1.37 (0.95--1.97)0.090 Grade I vs. II1.84 (1.30--2.61)0.001 Grade I vs. III3.15 (2.07--4.80)\<0.000170-Gene signature + tumor size 70-Gene signature ultralow vs. low1.38 (0.99--1.91)0.057 70-Gene signature ultralow vs. high2.15 (1.58--2.91)\<0.0001 T1 vs. T21.97 (1.49--2.59)\<0.0001 T1 vs. T35.4 (0.96--30.33)0.056^a^Logistic regression model^b^Adjusted for grade, estrogen receptor status, and tumor size

Film-screen versus full-field digital mammography {#Sec11}
-------------------------------------------------

Between 2007 and 2011, a transition was seen in screening-modality used for the last screening before diagnoses. Supplementary Fig. 1 displays this transition in this cohort over time. Among the screen-detected cancers, 41 % were detected using FSM (*n* = 315) and 59 % were detected using FFDM (*n* = 459). FSM detected 27 % high-risk and 73 % low-risk tumors of whom 57 % could be defined as ultralow-risk (42 % of total). This is significantly different compared to cancers detected using FFDM (*pX*^2^ test = 0.011), which detected 35 % high-risk and 65 % low-risk tumors of whom 51 % could be defined ultralow-risk (34 % of total) (Fig. [2](#Fig2){ref-type="fig"}; Table [3](#Tab3){ref-type="table"}). Aside from a difference in tumor biology in tumors detected by FSM versus FFDM, there is also a difference in nodal involvement. For tumors detected by FSM, 8 % had one or more positive lymph nodes, while for tumors detected by FFDM 15 % had one or more positive lymph nodes (*p X*^2^ test = 0.002). For other patient- and tumor-characteristics, such as age, size, histological type, grade, ER, PR, and HER2 status, no significant differences were seen between the two screening-modalities (Table [3](#Tab3){ref-type="table"}). The association of nodal status with FFDM was at least partly attributable to the amendment of the MINDACT study in 2008, which allowed patients with 1--3 positive nodes to be included in the trial. This leads to an increase of nodal positive patients over the years (data not shown), however, nodal status was not associated with the 70-gene signature result (Supplementary Table 1). Fig. 2Screen-detected cancers using film-screen versus digital mammographyTable 3Breast cancer patients with screen-detected cancersFilm-screen mammography (*n* = 315)Ful-field digital mammography (*n* = 459)*p* value^a^70-Gene signature High risk85 (27 %)159 (35 %)0.04 Low risk98 (31 %)143 (31 %) Ultralow risk132 (42 %)157 (34 %)Age (years) 49--54 yrs77 (24 %)130 (28 %)0.633 55--59 yrs83 (26 %)110 (24 %) 60--64 yrs81 (26 %)119 (26 %) 65--69 yrs74 (24 %)96 (21 %)Tumor size T1 (\<20 mm)254 (81 %)358 (78 %)0.633 T2 (20--50 mm)60 (19 %)100 (22 %) T3 (\>50 mm)1 (0.3 %)1 (0.2 %)Lymph node status Negative290 (92 %)389 (85 %)0.002 Positive25 (8 %)70 (15 %)Histological type Ductal269 (85 %)373 (81 %)0.406 Lobular28 (9 %)48 (11 %) Mixed11 (4 %)17 (4 %) Other7 (2 %)20 (4 %)Grade I111 (35 %)133 (29 %)0.160 II143 (45 %)213 (46 %) III61 (19 %)112 (24 %) Unknown01ER status Negative28 (9 %)49 (11 %)0.415 Positive287 (91 %)410 (89 %)PR status Negative79 (25 %)109 (24 %)0.169 Positive233 (74 %)339 (74 %) Unknown311HER2 status Negative271 (86 %)409 (89 %)0.242 Positive43 (14 %)50 (11 %) Unknown10Patient and tumor characteristics stratified by film-screen or digital mammography*ER* estrogen receptor, *PR* progesterone receptor, *HER2* human epidermal growth factor receptor 2^a^Chi square test

Overall, the proportion of interval cancers among the screened women within the Dutch MINDACT cohort was 33 % (390/1164). In the FSM-screened population (*n* = 624), the proportion of interval cancers was 49.5 % (309/624), while for the FFDM-screened population (*n* = 540) the interval rate was 15 % (81/540). Among the FSM interval cancers which became symptomatic within 30 months after a negative FSM (*n* = 309), 46 % had a high-risk and 54 % had a low-risk tumor of whom 54 % had an ultralow-risk tumor (Fig. [3](#Fig3){ref-type="fig"}a). Among the FFDM interval cancers, which became symptomatic within 30 months after a negative FFDM (*n* = 81), 54 % had a high-risk and 46 % had a low-risk tumor of whom 46 % an ultralow-risk tumor (Fig. [3](#Fig3){ref-type="fig"}b). Odd's ratios for FSM and FFDM are shown in Table [4](#Tab4){ref-type="table"}. There was no effect modification of screening-modality in the association between the 70-gene signature and screen-detected versus interval cancers. Fig. 370-Gene signature proportions among screen-detected and interval cancers after **a** film-screen mammography or **b** full-field digital mammographyTable 4Unadjusted and adjusted Odd's ratios of the tumor biology among interval versus screen-detected cancers for film-screen and digital mammographyUnadj. OR (95 % CI)*p* value^a^Adj. OR^b^ (95 % CI)*p* value^a^Last screen FSM 70-Gene signature ultralow vs. low1.59 (1.07--2.38)0.0231.27 (0.84--1.94)0.308 70-Gene signature ultralow vs. high2.84 (1.93--4.20)\<0.00011.45 (0.88--2.38)0.261Last screen FFDM 70-Gene signature ultralow vs. low1.29 (0.65--2.56)0.4641.15 (0.57--2.32)0.695 70-Gene signature ultralow vs. high2.56 (1.40--4.66)0.0021.68 (0.82--3.45)0.158^a^Logistic regression model^b^Adjusted for grade, estrogen receptor status, and tumor size

These proportions in tumor biology remained the same for FSM and FFDM when only including those patients that were diagnosed after the amendment. Sensitivity analyses in the period when FFDM screening was implemented in at least half of the population and potentially 2 years had passed for women with a negative FFDM screen in order for interval cancers to become manifest, i.e., 2009 and 2010 showed similar proportions of high-risk tumors among FSM- and FFDM-screened patients (26.2 % FSM and 33.0 % FFDM).

Discussion {#Sec12}
==========

The effectiveness of breast cancer screening is extensively debated, particularly regarding the estimated proportion of overdiagnosed cancers \[[@CR3], [@CR22]\]. Identification of these overdiagnosed screen-detected cancers is challenging. Screen-detected cancers have shown to have more favorable clinico-pathological factors and better outcome compared to interval cancers \[[@CR7]\]. Our results also show that the majority of the cancers detected in screening (68 %) are biologically low risk and over half of the low-risk tumors are even ultralow-risk. This indicates that knowledge of the biological background may help to identify those screen-detected breast cancers at such a low risk of recurrence that concerns about overdiagnosis can be raised. Especially for this subgroup of patients, overtreatment with chemotherapy should be avoided. To determine whether the group with screen-detected ultralow-risk tumors is indeed overdiagnosed, a randomized controlled trial would provide further insight.

Mammographic screening on the other hand, has proven to be an effective way to detect breast cancer at an early stage \[[@CR23]\]. Our results confirm that screening also detects cancers with poor prognosis tumor biology, which are at a high risk of recurrence. Almost one-third of the patients with a tumor detected in the screening program had a high-risk 70-gene signature result. The 70-gene signature is likely to be a useful tool to separate patients at a high-risk from those at a low- or even an ultralow risk of recurrence. Patients with a screen-detected cancer are two-times more likely to have an ultralow-risk tumor compared to interval cancers. Even when adjusting for other prognostic factors with a substantial association with method of detection (in our population tumor size, grade, and ER status), the 70-gene signature remained an important prognostic factor. Previous analyses showed that the proportion of low- and ultralow-risk tumors among screen-detected cancers is higher compared to symptomatic cancers diagnosed before the introduction of screening \[[@CR2]\]. Our current results validate this finding in a larger cohort, showing 68 % low risk among screen-detected cancers of whom 54 % had an ultralow risk. In literature, it is still debated whether the prevalent screen-detected cancers should be included when analyzing screen-detected cancers \[[@CR23]\]. In this study, we aimed to look at screen-detected cancers from a different, more biologically oriented perspective to evaluate the type of tumors that are detected in screening programs. Since prevalent cancers are also screen-detected and a substantial proportion of overdiagnosis may be present in this subgroup, they were included in our analyses. Good prognosis for prevalent cancers has been suggested by others \[[@CR1]\], and our observation on the biological level supports that notion, albeit not significant. The number of prevalent cancers in this cohort is low and in univariate analyses the screening round was not a significant prognostic factor.

The recent transition from FSM to FFDM resulted in a larger proportion of high-risk tumors among the screen-detected cancers, which may indicate that the introduction of FFDM leads to the detection of more aggressive cancers with a worse prognosis. It may also indicate that breast cancer screening using FFDM is even more effective than when using solely FSM. Given the possibility that high-risk tumors that used to be missed in screening are now detected with FFDM, the introduction of FFDM might be responsible for an increase in the proportion of high-risk tumors among the screen-detected cancers and decrease in the number of interval cancers. The fact that the proportion of interval cancers among FFDM-screened patients was low (15 %) may therefore be a result of more sensitive screening, but can also explained by the fact that the accrual of women to FFDM was in transition from 2008 till 2010. Hence, for many women insufficient time had passed after a negative FFDM for the development of interval cancers. Thus, the ratio between the number of women at risk for a screen-detected tumor versus an interval cancer is lower for FSM compared to FFDM. Therefore, no conclusions regarding the relative amount of interval cancers for FFDM versus FSM can be drawn based on the data presented here. Since the Dutch screening program is still collecting data on the effect of the transition from FSM to FFDM, we were not able compare our result to those of the entire screened population in the Netherlands. Of note is that the MINDACT trial currently only has available data of the tumor samples provided by the local pathology departments. Tumor characteristics, especially grade, may change after central review of the samples. A limitation is the possibility of selection bias in the MINDACT trial itself. The novelty of gene-signatures and the limited experience of doctors with this new prognostic tool may have resulted in the inclusion of patients with more favorable tumor characteristics in the beginning of the trial.

In conclusion, screen‐detection was found to be associated with a higher likelihood of a 70-gene signature biologically low-risk tumor, which prospectively validates our previous analyses \[[@CR2]\]. Half of all screen‐detected low-risk tumors even had an ultralow-risk of distant metastases. Especially for this screen-detected patient group, the use of tools to differentiate breast cancers by risk of recurrence may minimize overtreatment. Second, the transition from FSM to FFDM resulted in the detection of a larger proportion of high-risk tumors, which may indicate that FFDM is a more effective screening-modality than FSM.
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